Background: Hyperlactataemia is often associated with a poor outcome in severe malaria in African children. To unravel the complex pathophysiology of this condition the relationship between plasma lactate levels, parasite density, pro-and anti-inflammatory cytokines, and haemozoin-containing leucocytes was studied in children with severe falciparum malarial anaemia.
underlying metabolic acidosis associated with lactic acidaemia [2] . This syndrome is an important independent, clinical prognostic marker for poor outcome [3] .
The pathophysiology of metabolic acidosis is complex. The direct contribution of P. falciparum to the final lactate concentration, through anaerobic glycolysis in the parasite itself, is likely to be small [4] . More significantly, an inadequate supply of oxygen to tissues may follow from severe anaemia and provoke a metabolic shift within host cells to anaerobic glucose metabolism and increased lactic acid production. In addition, the flow of blood through the microcirculation may be impeded by adherence of infected erythrocytes to the endothelium of post-capillary venules and/or increased rigidity of uninfected cells [5] . Lactate may not in itself be sufficient to cause acidaemia but the inhibition of oxidative metabolism in the context of an ongoing inflammatory response will cause protons (H + ) to accumulate and eventually lead to metabolic acidosis [2] . These pathophysiological pathways suggest that the syndrome of lactic acidosis may be associated with the total parasite burden during acute infection.
Classically, parasitaemia has been associated with the severity of clinical disease [6] . However, the relationship is weak and the association of parasite density with specific syndromes of severe disease is less clear. Haemozoin (Hz) or malaria pigment, the final product of digested host haemoglobin, is often seen in circulating leucocytes and may be a surrogate marker for acute or chronic parasite load [7] .
However, the clinical significance of Hz has only been investigated quite recently. Nguyen and colleagues found an association between Hz-containing neutrophils (HCN) and outcome and between HCN and Hz-containing monocytes (HCM) and hyperparasitaemia, shock and hypoglycaemia [8] . In African children with severe malaria, Hz containing leucocytes were associated with severe malaria [9, 10] , cerebral malaria [11] and anaemia [10, 12] . More recently, Casals-Pascual and colleagues have reported the association of HCM, free Hz and bone marrow Hz with severe malarial anaemia [13] . However, the relationship of Hz containing leukocytes and lactic levels in malaria has not been described.
Severe disease has also been associated with high levels of pro-inflammatory cytokines. Raised levels of TNF-α and IFN-γ are more frequently observed in children suffering from severe malarial disease than those suffering from mild disease or those with asymptomatic infections (reviewed in [14] ). On the other hand, high levels of IL-10 have been associated with protection from anaemia [15] . Finally, low levels of IL-12 have been found in children with severe, compared to mild disease [12, 16] and IL-12 may promote a Th1 type response and have other regulatory functions in modulation of an inflammatory response. The immune response to parasites may contribute not only to parasite clearance and amelioration of disease but also to immunopathology and physiological disturbance.
In addition, the relationship between the parasites, cytokines and outcome of infection may depend on the direct effect(s) of Hz on leucocytes. Hz-containing macrophages from the peripheral circulation have increased secretion of inflammatory cytokines [17] or anti-inflammatory cytokines [18] . Moreover, the number of Hz-containing monocytes is associated with serum TNF-α levels in children with malaria [12] .
This study has tested the hypothesis that parasitized erythrocytes and/or their products, including Hz and the cytokine response in children with malaria may contribute to lactic acidosis in a series of children admitted with complicated or severe malaria admitted to the ward or to the paediatric intensive care unit suffering from severe malarial anaemia.
Materials and methods
The study was carried out in Kilifi District Hospital, Kilifi, Kenya. The epidemiology of malaria in Kilifi District has been described elsewhere [3] . Parents of children with a primary diagnosis of malaria with fever any asexual P. falciparum parasitaemia and anaemia were invited to participate in the study, which was part of an ongoing study of the relationship of cytokines and malarial pigment to malarial anaemia and erythropoiesis. Prior treatment with antimalarials before admission was an exclusion criterion. Consent was obtained in the local language (Kiswahili or Kigiriyama). The National Ethical Committee, Kenya gave ethical approval for the study.
A three-ml venous blood sample was collected into EDTA and processed immediately. A full blood count was obtained by a haematology analyzer (Coulter ® MD II, Coulter Corporation, Miami, Florida). Plasma lactate (both L-and D-isomers) was measured by lactate oxidase activity (Analox Instruments). Peripheral blood films were stained with May-Grünwald-Giemsa.
The number of Hz-containing monocytes per 500 monocytes (HCM) and Hz-containing neutrophils per 500 neutrophils (HCN) were recorded from 3% Giemsa stained thick films. Light microscopy (without polarised light) was used to count HCNs and HCMs. Monocytes and neutrophils were counted as HCM or HCN where these cells contained at least 2 dots of malaria pigment. Microscopists were blinded to any other results. The absolute numbers of HCMs and HCNs were calculated using the number of circulating monocytes and neutrophils, respectively. Plasma concentrations of TNF-α, IL-10, IFN-γ, IL-12 were measured by ELISA (R&D Systems, Abingdon, United Kingdom).
Children with malaria and Hb < 5 g/dl who were symptomatic (namely exhibiting deep breathing, intercostal muscle recession, prostration, or lethargy), had hyperparasitaemia (>50/500 RBCs) or had oxygen saturation < 90%, were transfused (20 ml/kg of whole blood). All children were given parenteral anti-malarials and supportive care according to local clinical protocols. Weightfor-age Z-scores (WAZ) were calculated with EPINUT Anthropometry software (EPIINFO version 6). Blantyre coma score [19] was used to assess the degree of impaired consciousness.
Statistical analyses
The values of lactate, parasitaemia, TNF-α, IL-10, IL-12, IFN-γ, HCMs and HCNs were normally distributed when log-transformed. A Pearson's correlation was used to measure the linear association between the variables studied. Partial correlations were calculated to control for parasitaemia, number of HCNs and Hb concentration.
Hyperlactataemia was defined as lactate concentration >5 mmol/L. Parasite and host-related variables were compared in children with and without hyperlactataemia using the non-parametric Mann-Whitney test and Kruskal-Wallis for comparisons with more than one group.
The association of HCMs, HCNs and cytokines was investigated with dependent variables (i.e. lactate levels on admission) using linear regression. The variables that failed to show a linear association with lactate levels were not included in the regression analysis.
The scatter plots of variables that showed a linear association were checked for outliers (dFBeta >2/√N), points of high leverage (Cook's distance) and normality of residuals (SPSS 11.0, SPSS Inc., Chicago, Illinois).
Results

Population description
26 children with severe anaemia and acute malaria were studied. The main clinical features are described in Table  1 . None of these children died during the follow up period (up to 3 months). At 1 month follow-up the mean Hb concentration for these children was 10.3 (SD 1.6) g/ dL.
Plasma lactate and parasitological and immunological variables
It was hypothesized that lactate levels in children with severe anaemia were associated with measures of parasite burden and with the prevailing cytokine levels. Indeed, lactate levels were associated with parasite density (R 2 = 0.53, P < 0.001) and with absolute numbers of HCNs (r = 0.60, P = 0.003) (Figure 1a and 2a) . However, the same associations were not found in children with uncomplicated malarial anaemia (Figure 1b) . Severe anaemia was associated with significantly higher plasma lactate levels and the median (IQR) plasma lactate was significantly higher (P = 0.01) in children with SMA and respiratory distress (8.8 [IQR 8.2-11.4] mM) than those without respiratory distress (3.5 [IQR 2.1-6.1] mM) (P = 0.01).
Only 46% of the children studied had plasma lactate concentrations higher than 5 mM. Children with hyperlacta- Plasma lactate concentration and parasite density in children with acute malaria and severe anaemia (a) and non-severe anaemia (b) Figure 1 Plasma lactate concentration and parasite density in children with acute malaria and severe anaemia (a) and non-severe anaemia (b). Parasite density is plotted on a log e scale. Dotted line represents regression line and R 2 is the coefficient of determination. taemia (lactate > 5 mM) had significantly higher numbers of HCNs (P < 0.01) and lower plasma concentrations of IL-12 (P < 0.01) (Figure 2 ). The inverse association of plasma IL-12 and lactate was more pronounced in younger children (data not shown). Lactate was also associated with high levels of IL-10 (r = 0.54, P = 0.008) and negatively associated with IL-12 (r = -0.46, P = 0.02) but not with TNF-α or IFN-γ. No association was found between lactate levels and age or nutritional status (measured as weight-for-age Z-score).
The association of plasma lactate with HCNs and IL-12 was also measured in a group of children with uncomplicated malarial anaemia (N = 60). However, these associations were not significant in this group (P = 0.1 and P = 0.9, respectively).
Parasite density was closely associated with the numbers of Hz-containing neutrophils (r = 0.63, P < 0.001) and with levels of IL-10 (r = 0.75, P < 0.01). We therefore investigated whether the association of lactate concentration with HCNs, IL-12 and IL-10 was explained by parasite density. After controlling for parasite density, HCNs and IL-12 were still significantly associated with lactate concentration (r = 0.52, P = 0.016 and r = -0.55, P = 0.012, respectively). However, the association of lactate and IL-10 was no longer significant (r = 0.22, P = 0.34), suggesting that this association was mainly explained by the association of both lactate and IL-10 with parasite density.
All the variables linearly associated with lactate levels were included in a univariate regression analysis using lactate concentration as the dependent variable. Parasite density, HCNs and IL-12 were all strongly associated with lactate levels (R 2 = 0.28, P = 0.005; R 2 = 0.32, P = 0.003; R 2 = 0.23, P = 0.02, respectively). Due to the high degree of covariance and the sample size it was not possible to fit all the independent variables in a multiple regression model.
Discussion
In this study, the association of the concentration of plasma lactate with parasite density and haemozoin in leucocytes and an inverse relationship with IL-12 concentration in children with severe malarial anaemia have been described. In previous studies, parasite density and Hz-containing neutrophils have been associated with disease severity but not with specific syndromes of severe malaria. The inverse relationship between IL-12 and lactate levels in children with malaria had not been described previously. These simple clinical associations may be important to guide further pathophysiological studies.
Following initial observations of an association between HCN and outcome [8] and both HCN and HCM with severe disease [11] two studies have shown an association between the number of HCM and anaemia and with plasma levels of TNF-α in a univariate analysis [12] and between the number of circulating HCM and a group of 26 children with Hb < 5 g/dL [10] . No studies had reported an association of HCN or HCM with increase in lactate concentration.
In this study, HCNs were associated with lactate concentration, but HCMs were not associated with lactate levels, even though HCNs and HCMs are closely correlated. It is possible that the different clearance times of HCMs (median, 9 days) and HCNs (median, 3 days) may partially explain these differences [7] . Thus, HCNs may reflect the recent levels of parasite burden and sequestration, contributing to micro-circulatory obstruction.
However, other explanations for the association of HCNs and lactate are plausible. The number of Hz containingleucocytes may be a surrogate for the recent release of Hz content in the body and it is increasingly clear that Hz is not a "harmless" by-product of the digestion of Hb. Hz may cause widespread cellular dysfunction in endothelial cells, dendritic cells, monocytes/macrophages (reviewed in [20] ) and uninfected erythrocytes [21] and so indirectly contribute to increased lactate levels.
Alternatively, the association of HCNs with lactate may reflect the induction of cytokine expression by Hz. This study and others [12] have found that HCNs are positively correlated with IL-10 and TNF-α and negatively with IL-12. This pattern of cytokine production is consistent with that observed in vitro in leucocytes fed with Hz [22] .
The inverse association of lactate and IL-12 is intriguing. There is experimental evidence that IL-12 may enhance erythropoiesis [23] and correct anaemia in murine models of malaria [24] . This association is independent of parasite density and suggests that some effects other than the influence of IL-12 induction on the immune responses against the parasite are operating. One possibility is that IL-12 acts to increase the expression of inducible nitric oxide synthase (iNOS). NO might improve the oxygen delivery microcirculation in the face of low oxygen carrying capacity in the blood, poor blood flow due to increased red blood rigidity and obstruction of vessels by infected erythrocytes. While the role in NO in severe malaria remains unclear, there is clinical evidence that iNOS expression in increased in severe malaria and that NO is protective against severe malaria [25] . The results of this study would be consistent with the hypothesis that a protective IL-12/iNOS response could improve the delivery of oxygen to tissue by regulation of the microcirculation in severe malaria.
The roles of other cytokines in lactic acidosis are less clear in the present study. Although TNF-α has been previously associated with malarial severity [15] , no significant association of TNF-α with lactate was found.
This study provides the first evidence of a positive association between Hz-containing leukocytes and lactate concentration. It is, therefore, possible that parasite density, Hz and IL-12 contribute to or counteract the development of lactic acidosis in severe malaria as elements of a common pathophysiological pathway. However, it was not possible to distinguish whether the association of HCNs and lactate represents an effect of Hz on cellular metabolism or function and/or an effect on cytokine secretion. More powerful clinical studies, using a multivariate analysis, and focused experimental and ex vivo studies should investigate how these factors contribute to the increase of lactate levels and identify potential therapeutic strategies against metabolic acidosis associated with severe malaria.
